: garnet xenocryst from petit-spot lava images. a: Back-scattered electron (BSE) image of the garnet xenocryst enclosing in highly vesicular volcanic glass with the location of the three EMPA profiles performed to obtain average composition of this xenocryst. b-f: X-ray maps of the garnet xenocryst for Al, Ca, Mg, Ti and Fe respectively. The color scales indicate relative element contents: red colors correspond to higher concentration. g: Photomicrograph of the garnet xenocryst obtained after X-ray maps and LA-ICP-MS data acquisition.
A kelyphite rim (80 µm wide) surrounds the crystal (dark brown part around the garnet in Figure  S1g ). K2O and Na2O content are clearly higher in the kelyphite rim compared to the garnet xenocryst core (Fig.  S03 ). For the mean calculation of the garnet core composition (Table S1 ), the kelyphite rim was excluded on the basis of the Na2O and K2O content. Only the part designated as the core in Fig S3 was used for this calculation. X--ray maps show an decrease of the Al and Ca content associated with an increase of Fe content in the kelyphite rim. These changes are interpreted as the interaction of the garnet xenocryst with the surrounding petit--spot melt during the transport of the xenocryst to the surface. In contrast, the formation of symplectite are interpreted, not as crystal--melt interaction, but associated to the change of P--T conditions. Garnet core (sub-micron symplectite) 10 μm
Electron microprobe analyses and X--ray maps (Table S1 and indicate that the core is characterized by a homogeneous pyrope--rich composition (Py62, Gr20, Al18 ; Fig.  S04 ) with low Cr2O3 (0.07--0.21 wt. %; Fig. 2 ) and TiO2 (0.06--0.17 wt. %) content, and no mineral inclusion. The Al content ranges from 20.9 to 24.7 wt% and MnO content from 0.14 to 0.24 wt%. (Table S1 ).
The reaction zone (bottom part of the crystal, Fig. S1 ) is characterized by the association of orthopyroxene , plagioclase (85) (86) (87) (88) (89) (90) (91) (92) (93) , spinel (Cr# 0.39--0.75) and olivine . One larger hercynitic spinel (Cr2O3: 0.55 wt. %) of around 75 µm in size (significantly larger that other minerals observed in this zone) is also present in the reaction zone. We hypothesize that the reaction zone is produced by the breakdown of garnet at decreasing pressure producing opx + plg+ spl and minor ol. A and B show analyses for K2O and Na2O, respectively, where the kelyphite rim is clearly identified with elevated contents of these elements. C to F: MgO, Al2O3, FeO and CaO display relatively homogeneous compositions in the core. Figure S4 : Ternary diagram garnet composition showing the garnet xenocryst from petit-spot lava (full red circle) compared to garnet-peridotite xenolith from kimberlites (full grey circles: Ionov et al., 1993 Ionov et al., , 2010 Canil and O'Neill, 1996; Litasov et al., 2000; van Achterbergh et al., 2001; Gregoire et al., 2003; Simon, 2003; Ziberna et al., 2013) , garnet-peridotite from orogenic massif (open grey circles: Beyer et al., 2006; Scambelluri et al., 2014) , garnetpyroxenite from Hawaii and Ontong Java plateau (full blue circles: Ishikawa et al., 2004; Bizimis et al., 2005; Keshav et al., 2007) , eclogite / garnet-pyroxenite xenoliths from kimberlites (full green circles: Jacob and Foley, 1999; Schulze et al., 2000; Litasov et al., 2000; Peltonen et al., 2002; Jacob et al., 2003; Smart et al., 2009; Tappe et al., 2011; Pernet-Fisher et al., 2014) , eclogites from orogenic massif (open green circles: Evans et al., 1979; Clarke et al., 1997; King et al., 2004; Bucher, 2005) 
Trace element composition
Trace element contents of the garnet core were measured two times according to the size of the xenocryst (Fig. S1g ). The figure S5 shows similar composition for the 2 analyses except for Rb, Ba, Pb, Ce and La where small differences are observed. The trace element patterns for the garnet xenocryst have depleted highly incompatible element (Rb to La), flat HREE (Sm to Lu) with primitive mantle normalized values around 1 (Table S03) . A slight positive Eu anomaly and a slight negative Ti anomaly regarding element with similar degree of incompatibility is also observed. (Fig. S05) .
The trace element pattern of garnet xenocrysts share many similarity with the patterns of "eclogitic" garnet analyzed by Jacob et al. (2003) , which are interpreted as formed by metamorphic reaction of an initial gabbroic protolith.
Supplementary discussion

Subsolidus phase relations
In order to evaluate the pressure range at which garnet can be formed from a plagioclase--bearing cumulate, we calculated a P--T diagram (Fig. S06 ) using Theriak--Domino (de Capitani and Petrakakis, 2010) .
Fractional crystallization experiments performed by Villiger et al. (2004) at 1 GPa show that differentiation of a primitive tholeiitic basalt produces various cumulates as a function of temperature. We used the cumulate composition SV54 (59% cpx, 8% opx, 28% plg, 5% sp) as input composition for the modeling. This cumulate was crystallized at 1210°C and it was in equilibrium with a slightly differentiated tholeiitic melt (Mg#: 59) composition. This cumulate was selected because it is the first cumulate where plagioclase appears during fractional crystallization at 1.0 GPa, but the effect of this choice was further tested (see below) by using different compositions. The chemical composition of cumulate SV54 (Fig. S6) was calculated from the mineral modes and mineral compositions reported in Villiger et al. (2004) . Results are given in molar proportions.
The thermodynamic database used for the calculation is from Berman (1988) with modification of Berman (1990) with solid solutions from Berman and Aranovich (1996) and Aranovich and Berman, (1996) and Meyre et al., (1997) The P--T diagram reported in figure S6 shows that the transition from a plg--bearing cumulate at high temperature to garnet bearing metamorphic assemblages at lower temperature is possible only in a limited range: from 1200°C at 1.2 GPa to 650°C at 0.7 GPa. Lower temperature for plg--grt transition seems unlikely as low temperature will limit the reaction kinetic / crystal growth. The evolution of phase proportions calculated by Theriak--Domino for the cooling of the gabbroic cumulate from 1200°C to 800°C at 1 GPa is shown in figure  S7 . This figure illustrates that large proportions of garnet are produced by such a reaction. Moreover, the garnet compositions predicted by thermodynamic calculations (Mg1, 62, Fe0.77, Ca0.61 ) and measured petit--spot garnet xenocryst (Mg1, 86, Fe0.54, Ca0.60) are in agreement except the Mg#, which is slightly lower in the thermodynamic calculation. This difference can easily be explained by a small over--estimation of the FeO/MgO ratio in the whole rock composition. Alternatively, it could be due to FeO loss and MgO gain Figure  S5 : Trace element content normalized to primitive mantle (McDonough and Sun 1995) for the garnet xenocryst from petit-spot lava (see LA-ICP-MS data acquisition method above) compared to "eclogitic" garnet from Jacob et al. (2003) during cooling of >100Ma in the lithospheric mantle between the formation of gabbroic cumulate and the sampling of this garnet xenocrysts by petit--spot lava. To evaluate the sensitivity of the phase diagram to different starting composition, in particular the potential presence of olivine in the cumulate, we performed P--T calculations using various mineral cumulate assemblages reported by Villiger et al. (2004) for the fractional crystallization experiments. Figure S8 shows that the location of the plagioclase to garnet subsolidus reaction is not affected significantly for the different assemblages (SV 54: 1210°C; SV57: 1180°C; SV58: 1150°C). In contrast, the addition of 10% of olivine to the initial SV 54 plg, cpx, opx, sp assemblage shifts by up to 1 Kbar. This increase of pressure does not change the conclusions of the paper, but suggests that the formation of plg bearing cumulates could happen even more off axis then reported in figure 4. To summarize, the thermo--dynamic calculations confirm that the composition of garnet xenocrysts could be produced by subsolidus metamorphic reactions during the cooling of the lithosphere. Pressure (Kbar) Figure S8 . Evaluation of the compositional effect of the starting plg-bearing cumulate on P-T location of plg to garnet subsolidus reaction. The figure reports the position of spinel -feldspath -orthopyroxene -clinopyroxene to garnetspinel -orthopyroxene -clinopyroxene subsolidus reaction (see Fig. S6 ) at decreasing temperature for various plgbearing cumulates predicted by Villiger et al. (2004) experimental study. In addition, we calculate the effect of olivine addition (10%) to plg-bearing cumulate SV 54. Mazzucchelli et al., 1992a Mazzucchelli et al., , 1992b eclogites: Jacob et al., 2003; granulites: Nehring et al., 2010; Wang et al., 2015; gabbro: Hermann et al., 2001; peridotite: Witt-Eickschen & O'Neill, 2005) . We hypothesis that petit--spot garnet xenocryst is formed by isobaric cooling of a plagioclase bearing cumulate at pressure between 0.7 to 1.2 GPa. This metamorphic origin was initially deduced from the similarity between the REE pattern measured in the petit--spot garnet xenocryst and the grt pattern from eclogitic xenoliths from the Roberts Victor kimberlite (Fig.  3b) . These eclogites were interpreted by Jacob et al. (2003) as oceanic gabbro subducted to eclogite facies conditions followed by accretion to the Kaapvaal cratonic lithosphere. The figure S7 shows, however, that garnet formed in the 0.7 to 1.2 GPa pressure range still co--exists with plagioclase. This differs from eclogite where the plagioclase was totally consumed to produce garnet and omphacite. In order to potential clarify the protolith composition and evaluate if the positive anomaly observed in garnet xenocrysts (Eun/Eun*= 1.7) could be linked to a plagioclase--bearing protolith equilibrated at pressures where plagioclase still co--exist, we develop a REE model.
Trace element models as a test for plagioclase--bearing cumulate protolith hypothesis
The model is based on the assumption that garnet is equilibrated with all other phases present in the subsolidus assemblage. This assumption allows to use mineral --mineral distribution coefficients (Kd min/min ) to infer the composition of the co--existing phase. The figure S9 shows a selection of Kd min/cpx determined in various metamorphic and peridotitic rocks. Based on this compilation, we have selected representative Kd min/cpx for all phases inferred in the subsolidus assemblage (garnet, orthopyroxene, plagioclase, and olivine; Fig. S9 ). The figure S9 indicates that the absolute values of these Kds could vary for more then one order of magnitude depending the analyzed rocks. Nevertheless, the interrelationship between Kds for different elements does not vary significantly, so the absolute values of calculated mineral and whole rock compositions are expected to vary, but the shape of the patterns will be preserved. The proportion of phases calculated using Theriak--Domino for a gabbroic protolith at 800°C assuming a pressure of 1 GPa ( Fig.  S7 ; phase proportion: grt 31.73%, cpx 37.89%, plg 25.15%, opx 5.23%) was used to calculate the whole--rock REE (and Sr) composition of the protolith (Fig. S10a) . As shown in figure 3c, this calculated composition is similar to the composition of gabbroic rocks from oceanic lithosphere and support our hypothesis for the origin of petit--spot garnet xenocryst protolith. Nevertheless, the large uncertainty associated to the selection of representative Kds min/cpx does not allow to determine with precision the exact REE content of the protolith, i.e. the interrelationship between elements in the protolith will be conserved, in particular the small positive Eu anomaly, but the REE content could vary significantly according to different choices of Kds.
We have recalculated, in addition, the composition of the phases equilibrated at 1200°C using phase proportion provided by Theriak--Domino (Fig. S7) , the protolith whole--rock composition calculated previously and selected Kds. The calculated mineral REE compositions are shown in figure S10b while the figure S10c compares the calculated REE pattern for plagioclase with plagioclase from oceanic rocks. The calculated REE plg pattern is similar to plg patterns of natural rocks (panel c) and no other calculated Figure S10 : REE (and Sr) content normalized to chondrite (Anders and Grevesse, 1989) diagrams for a. calculated mineral and whole-rock compositions for a plg-bearing protolith equilibrate at 800°C for a pressure of 1 GPa; b. calculated mineral compositions for a initial plg-bearing protolith equilibrate at 1200°C ; c. calculated plagioclase composition (T: 1200°C) compared with plagioclase from gabbros and (ol-) troctolites (Hermann et al., 2001 ; Drouin et al., 2009) . See text for the details of the calculation.
phases are characterized by positive Eu anomalies (panel b). These calculations confirm that the positive Eu anomaly observed in garnet xenocryst could be simply linked to the presence of plagioclase in the initial protolith and our interpretation of the formation of the garnet xenocryst as mineral formed during subsolidus reequilibration of plagioclase--bearing protolith is realistic. In addition, the presence of a small positive Eu anomaly in the calculated protolith points to a plagioclase--bearing cumulate origin for the protolith rather than of a gabbro corresponding to freezing basaltic melts within the base of the lithosphere. The uncertainties linked to the Kds (Fig. S9) , do not allow, however, to clarify the liquid composition, which produces such cumulates. The similarity of calculated whole--rock cumulate composition with oceanic plagioclase--bearing rocks shown in figure 3 suggests that such a liquid could be similar to MORB, but we can't exclude that this liquid represent slightly lower degree of partial melting of DMM peridotite or tholeiitic melts produced from volatile rich peridotite or pyroxenite. The need of a tholeiitic melt is supported by the request of an early crystallization of plagioclase with cpx and olivine to explain the high Mg# of the garnet xenocryst, plagioclase crystallization which append later in alkaline systems.
Garnet xenocrysts as residual garnet after MORB extraction: implications for REE pattern
One hypothesis to explain the presence of garnet within the oceanic lithospheric mantle is that garnet represents garnet from a recycled lithology, which was incorporated into the cooling lithosphere in periphery of mid--ocean ridges. Recycled oceanic crust is frequently suggested to be present in the source of MORB or OIB to explain some aspects of their chemical signatures (e.g. Hirschmann and Stolper, 1996) . Pyroxenites/eclogites are characterized by a lower solidus that peridotite, so they are expected to melt first during upwelling of a heterogeneous mantle (Hirschmann and Stolper, 1996) . For this reason, the incorporation into the Pacific lithosphere of garnet with composition similar to recycled oceanic crust is unlikely. However, we cannot rule out that residual garnet from recycled crustal lithologies was still present after melt extraction below mid ocean ridges. To evaluate the degree of melting of recycled lithology reaches in such a context, we use the Melt--PX parameterization of Lambart et al. (2016) for pyroxenite melting between 0.9 to 5 GPa. The melting behavior of pyroxenite embedded in peridotite is controlled by the composition of the pyroxenite. As we don't know the composition of the initial recycled lithology, we test different compositions: average MORB (Gale et al., 2013) , average gabbro (Mg# 90--76) from PetDb database and a troctolite composition (Kaczmarek et al., 2008) . We assume in our calculation that the source is composed of 10% pyroxenite embedded in 90% of peridotite, a mantle potential temperature of 1350°C, and that the residue escapes the melting process at 1 GPa (~30 km depth). Melt--Px parametrization predicts that a pyroxenite similar to average MORB will reach 55% of melting at 1 GPa. For similar conditions, the degree reaches 52% for average oceanic gabbro, and 75% for a troctolite composition. So, it is possible that garnet could survive the melting process below mid--ocean ridges. But the melting process will modify the trace element content of the residual garnet. We perform fractional melting calculation to evaluate this effect. The Kds grt/liq and Kds cpx/lid reported for tholeiitic magma by Green et al. (2000) was used for fractional melting calculation. Modal melting was used for recycled lithologies according melting experiment mode reported by Pertermann and Figure S11 : REE content normalized to chondrite (Anders and Grevesse, 1989) diagrams for calculated residual garnets formed after melt extraction in midocean ridge compared to petit-spot garnet xenocryst. The different panels report garnet compositions calculated assuming a recycled lithology similar in composition to (A) MORB, (B) gabbro, and (C) troctolite. F: degree of partial melting in %. cpx-grt mode reports the proportion of cpx versus garnet in the starting material. See text for the list of parameters used in these calculations. Hirschmann (2003) or Kogiso et al. (2006) . These experimental results was also used to adjust the amount of cpx versus garnet in the starting material (80:20 for MORB related lithology, while 70:30 was used for gabbro and troctolite). The figure S11 shows that all garnet residues are characterized by high HREE / MREE ratios and extremely low LREE content. Changing the melting mode or mineral mode does not modify significantly the predicted garnet pattern. The absolute REE contents in residual garnet is partially controlled by the initial lithology, but none of the predict garnet pattern reproduces the flat MREE to HREE pattern measured in the petit--spot garnet xenocryst. Assuming batch melting rather that fractional melting increases the LREE to MREE content in the residual garnet but does not modify significantly the HREE to MREE ratio. Based on these calculations, we conclude that it is unlikely that garnet xenocryst sampled by petit--spot lava represent melting residue of recycled lithologies incorporated within the cooling lithosphere after MORB extraction.
Sensitivity to oceanic plate thermal models
The P--T estimates reported for the reaction from plagioclase to garnet via subsolidus cooling allows to estimate the distance from the ridge at which melts need to percolate and freeze to produce the initial plg--bearing cumulate (Fig. 4b) . The thermal structure of figure 4b was calculated assuming lithostatic pressure and temperature-dependent density using the plate model (McKenzie 1967) , which is formulated as: (Nakanishi et al., 1989; Ritzwoller et al., 2004) and κ (=10 --6 m 2 /s) is the thermal diffusivity. The volumetric mass was calculated according to the following equation of state: , = ! 1 − + where ! (=3330 kg/m 3 ), (=3.15 K --1 ), and (=10 --11 Pa --1 ) respectively stand for the reference density, the thermal expansivity, and the compressibility. The pressure field was evaluated using the lithostatic formula:
( ) = − where g (=9.81 m/s 2 ) represents the gravitational acceleration. In figure 4b we have used an adiabatic mantle temperature of 1300˚C and a plate thickness of 100 km. To prove the robustness of our conclusions regarding the locus of formation of plagioclase--bearing cumulate, we have tested alternative oceanic plate thermal models (Fig.  S11) . While the GDH1 model (Stein & Stein, 1992) and PSM model (Parsons & Sclater, 1977) are based on the above described plate model, the halfspace cooling model is expressed as: figure  S11 show that, for any of the models, the conditions for the formation of plagioclase--bearing cumulate cannot be met in the vicinity of the spreading axis. All models indeed predict the occurrence of the stability region at distances greater 150 km from the spreading axis ( Fig.  4b  and  Fig.  S12 ). The parameters used for the different models are listed in the following table. Parameters used in the different models reported in figure 4b and S9. .000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 .000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Mg 
